In transverse orientation, maize (Zea mays) roots are composed of a central stele that is embedded in multiple layers of cortical parenchyma. The stele functions in the transport of water, nutrients, and photosynthates, while the cortical parenchyma fulfills metabolic functions that are not very well characterized. To better understand the molecular functions of these root tissues, protein-and phytohormone-profiling experiments were conducted. Two-dimensional gel electrophoresis combined with electrospray ionization tandem mass spectrometry identified 59 proteins that were preferentially accumulated in the cortical parenchyma and 11 stele-specific proteins. Hormone profiling revealed preferential accumulation of indole acetic acid and its conjugate indole acetic acid-aspartate in the stele and predominant localization of the cytokinin cis-zeatin, its precursor ciszeatin riboside, and its conjugate cis-zeatin O-glucoside in the cortical parenchyma. A root-specific b-glucosidase that functions in the hydrolysis of cis-zeatin O-glucoside was preferentially accumulated in the cortical parenchyma. Similarly, four enzymes involved in ammonium assimilation that are regulated by cytokinin were preferentially accumulated in the cortical parenchyma. The antagonistic distribution of auxin and cytokinin in the stele and cortical parenchyma, together with the cortical parenchyma-specific accumulation of cytokinin-regulated proteins, suggest a molecular framework that specifies the function of these root tissues that also play a role in the formation of lateral roots from pericycle and endodermis cells.
The maize (Zea mays) root system is composed of primary and seminal roots that are laid down during embryo development and shoot-borne and lateral roots that are initiated after germination (Hochholdinger, 2009) . In general, the longitudinal and radial organization of all maize root types is very similar (Hochholdinger et al., 2004b) . The longitudinal structure of the maize root can be divided into various zones of development, including the root cap at the terminal end, a subterminal meristematic zone, an elongation zone, and a differentiation zone (Ishikawa and Evans, 1995) . Cells formed in the subterminal root meristem move proximally into the elongation zone, where these cells start to elongate and move on to the differentiation zone (Ishikawa and Evans, 1995) . Hence, cells of a particular cell type along the longitudinal axis of a root represent a gradient of cell differentiation, with very young undifferentiated cells at the distal end near the root tip and differentiated cells at the proximal end of the root. The differentiation zone of a root can be very easily spotted from outside the root by the presence of epidermal root hairs. In general, the differentiation zone of maize roots can be radially divided into an inner part that comprises the stele and an outer part that is defined by multiple layers of parenchymal tissue and a single epidermal layer that connects the root with the exterior soil environment. The stele of the primary root contains a vascular system with differentiated xylem vessels that function in the transport of water and nutrients and primary phloem elements that function in the transport of photosynthates (Hochholdinger, 2009) . The vasculature of the stele surrounds the inner parenchymal pith tissue. The outermost cell layer of the stele is the pericycle. The parenchymal outer part of the root is defined by a single layer of endodermal cells and multiple layers of cortical tissue and is enclosed by a single epidermal layer. The root epidermis functions in the uptake of nutrients, which are then either carried across the cortex into the xylem, where they are transported via the transpiration stream to the shoot, or metabolized in the cortex of the root (Marschner, 2003) . The biochemical processes that are taking place in the cortex and thus defining this tissue are only poorly understood. Proteomic technology provides an approach that allows us to dissect and quantify components such as biochemical pathways in a tissue-specific way by combining the resolution of two-dimensional gel electrophoresis (2-DE) with the sensitivity of mass spectrometry and database searching . In recent years, maize root proteomes were analyzed in order to better understand development , genotypic variation (Hochholdinger et al., 2004a; Wen et al., 2005; Liu et al., 2006; Sauer et al., 2006; Hoecker et al., 2008) , environmental interactions (Chang et al., 2000; Zhu et al., 2006 Zhu et al., , 2007 Li et al., 2007) , or subcellular processes (Zhu et al., 2006 (Zhu et al., , 2007 of different root types. Most of these surveys investigated whole roots (Hochholdinger et al., 2004a; Wen et al., 2005; Liu et al., 2006; Li et al., 2007; Hoecker et al., 2008) , while a few specifically analyzed the primary root tip (Chang et al., 2000) and the elongation zone (Zhu et al., 2006 (Zhu et al., , 2007 . A major drawback of the analysis of whole roots or longitudinal developmental zones of roots is the composite organization of roots, which are made up of distinct radial tissue types, each providing specific gene expression and hence protein accumulation profiles. Tissue-or cell type-specific analyses can overcome this limitation (Schnable et al., 2004) . Pericycle-specific transcriptome profiling by combining laser capture microdissection with microarray experiments has been applied to identify genes related to lateral root initiation and pericycle specification (Dembinsky et al., 2007) . Thus far, cell type-specific proteome analyses are challenging, since proteins cannot be amplified, in contrast to transcripts, prior to their analysis. Hence, surveying the major pericycle proteins of the differentiation zone of maize primary roots was confined to the identification of the 20 most abundant proteins of this cell type (Dembinsky et al., 2007) . Mechanical separation of maize tissues (e.g. cortical parenchyma and stele) provides an alternative experimental approach to study the proteome composition of specific maize tissues. This approach can also be applied to directly measure tissue-specific concentrations of phytohormone levels in cortical parenchyma and stele tissue. Thus far, the detection of tissue-specific auxin and cytokinin levels was often limited to indirect evidence. GFP under the control of the synthetic promoter Direct Repeat5 (DR5; Friml, 2003 ) is used to measure free indole acetic acid (IAA) auxin levels, while GUS under the control of the cytokinin-sensitive promoter ARR5 (Aloni et al., 2004) or TCS (Mueller and Sheen, 2008 ) is used to visualize free bioactive cytokinin levels. Alternatively, antibodies that recognize trans-zeatin riboside and dihydrozeatin riboside and their derivatives can be employed to measure cytokinin levels (Eberle et al., 1986) . Direct measurements of hormones are particularly helpful to discriminate between hormone precursors and conjugates that cannot be detected via marker lines or antibodies.
The goal of this study was to test three hypotheses: first, that there is significant overlap but also differential protein accumulation between cortical parenchyma and stele tissues in the differentiation zone of the maize primary root; second, that these differential proteins are related to the specific functions of these tissues in root development, which might also be reflected in the overall distribution of functional categories or biochemical pathways; and third, that distinct functions of these tissue types are also reflected by the distribution of plant hormones and their intermediates.
RESULTS

Manual Separation of Cortical Parenchyma and Stele Tissues in the Differentiation Zone of Maize Primary Roots
In longitudinal orientation, the maize primary root (Fig. 1A) can be divided into meristematic (mz), elongation (ez), and differentiation (dz) zones. The differentiation zone can be distinguished from the meristematic and elongation zones by the presence of root hairs, which allows spotting this region of the root very easily. In transverse orientation, the differentiation zone of maize roots can be divided into a central stele (Fig. 1D, s) , which contains vascular tissues, pith parenchyma, and the pericycle, and the surrounding parenchymous ground tissue (Fig. 1D , cp), which is composed of the epidermis, multiple layers of cortical parenchyma tissue, and the endodermis. Due to the dominance of cortical parenchyma cells in this outer region of the root and the lack of an adequate botanical term, this tissue will subsequently be called cortical parenchyma. Toluidine blue is a dye that polychromatically stains cell walls depending on their chemical composition (O'Brien et al., 1964) and therefore allows differentiating stele and cortex tissues at the boundary of pericycle and endodermis (Fig. 1D) . At the junction between pericycle (pe) and endodermis (en) cells (Fig. 1G) , it is possible to mechanically separate (Fig. 1, B and C) the outer (Fig. 1E , cp) and inner (Fig. 1F, s) regions of the differentiation zone of the root without damaging endodermis (Fig. 1H, en) or pericycle (Fig. 1I , pe) cells (see "Materials and Methods"). In this study, stele and cortical parenchyma of the differentiation zone of 2.5-d-old primary roots of the inbred line B73 were analyzed. At this developmental stage, primary roots of the maize inbred line B73 had an average total length of 21.9 6 6.6 mm, and the length of the differentiation zone of these roots was 12.7 6 5.9 mm (n = 71). At this developmental stage, no lateral roots were initiated, as demonstrated in propidium iodide-stained stele preparations, while in 4-d-old stele preparations, lateral primordia were clearly visible (data not shown). After mechanically separating the inner and outer tissues of the differentiation zone of 2.5-d-old maize primary roots, these functionally diverse tissues were subjected to comparative proteome-and hormone-profiling experiments.
Isolation and 2-DE Separation of Cortical Parenchyma and Stele Tissue Proteins
Soluble proteins were isolated in three independent biological replicates from cortical parenchyma and stele tissues of the maize inbred line B73. Isoelectric focusing of the three protein extracts per tissue was performed on linear gradients ranging from pH 4 to 7.
Subsequently, these protein extracts were separated according to their molecular masses in a second dimension on 12.5% SDS-PAGE gels. Finally, protein spots were visualized with colloidal Coomassie Brilliant Blue staining. In total, 599 distinct protein spots were reproducibly detected in cortical parenchyma or stele tissue. Only proteins that were detected in all three biological replicates of at least one tissue were further analyzed. In Supplemental Figure S1 , representative 2-DE gels of B73 cortical parenchyma and stele proteins are displayed. Intensities of all quantified spots per gel were normalized in silico with PD-Quest software to compensate for non-expressionrelated variations in spot intensity.
Identification of Differentially Accumulated Proteins in Cortical Parenchyma and Stele
One objective of this survey was to identify proteins that are preferentially accumulated in cortical paren- Figure 1 . A to C, A 2.5-d-old seedling root of the inbred line B73 before (A) and after (C) separation of stele and cortical parenchyma in the differentiation zone of the root. A, The differentiation zone (dz) is marked by the presence of root hairs, while the root tip contains the meristematic zone (mz) and the elongation zone (ez). B, Close-up after cutting the cortical parenchyma close to the coleorhiza and removing the cortical parenchyma (cp) from the stele tissue (s). C, Differentiation zone of the same seedling as in A after removing the root tip (mz + ez) and mechanical separation of the cortical parenchyma (cp). Subsequently, these tissues were used for protein and hormone analyses. D to I, Toluidine blue-stained free hand transverse sections of the differentiation zone of 2.5-d-old B73 primary roots before (D and G) and after (E, F, H, and I) manual separation. D, Transverse whole root transverse section before manual separation. E, Transverse section of the cortical parenchyma after separation (compare with cp in B and C). F, Transverse section of the stele after separation (compare with s in B and C). G, Close-up of the region marked by a white box in D, indicating the junction of pericycle (pe) and endodermis (en) cell layers. H, Close-up of the region marked by a white box in E. Note the intact endodermis (en) cell layer after tissue separation. I, Close-up of the region marked by a white box in F. Note the intact pericycle cell layer (pe) after tissue separation. Bars = 1 cm (A and C), 500 mm (B), 100 mm (D-F), 50 mm (G-I). [See online article for color version of this figure. ] chyma or stele tissue. Overall, 70 of 599 proteins (12%) detected in these two tissue types showed an accumulation difference of $2 and were statistically significant after adjusting P values of Student's t test (P , 0.01), controlling the false discovery rate (FDR) at 5% (Tables I and II) . Among the 70 proteins differentially accumulated in cortical parenchyma versus stele protein extracts, 59 were exclusively or preferentially expressed in cortical parenchyma, while 11 proteins were predominantly accumulated in the stele (Tables I  and II ). All 70 protein spots were picked from representative 2-DE gels and digested with trypsin. Peptide analyses and identifications were performed using nano-HPLC-electrospray ionization-tandem mass spectrometry (ESI-MS/MS). Automated MASCOT software (Matrix Science; Perkins et al., 1999) Table S1 .
Identification of Protein Accessions Represented by Multiple Protein Spots
The 70 differentially accumulated protein spots that were identified in cortical parenchyma and stele tissues represented 56 different GenBank accessions. In total, six of the 56 different accessions were represented by more than one protein spot in the cortical parenchyma tissue. Among those, eight different cortical parenchyma-specific isoforms (proteins 3, 12, 23, 24, 25, 28, 31 , and 34) of a b-glucosidase (GenBank accession no. P49235) were identified. Among these proteins, the isoform represented by protein 23 was the most abundant protein detected in this study. These different isoforms could represent different modifications of the same gene product or different members of gene families.
Preferential Accumulation of Proteins and Transcripts of a b-Glucosidase in Cortical Parenchyma Cells
The accumulation of the b-glucosidase that displayed preferential accumulation of eight different isoforms in the cortical parenchyma was analyzed in more detail. First, western immunoblots with a specific antibody against this enzyme confirmed preferential accumulation of this protein in cortical parenchyma versus stele tissue ( Fig. 2A) . Interestingly, the two major bands in this western immunoblot, which are located between the size markers of 55 and 72 kD, correspond in size to seven of the differential proteins. While the upper and more abundant of these two bands comprises most likely proteins 3, 12, 23, and 24, which range in size between 63.7 and 66 kD (Table I) , the lower band corresponds in size to isoforms 25, 28, and 34, which range in size between 59.9 and 61.5 kD (Table  I) . Isoform 31, which is represented by a 35.8-kD isoform in Supplemental Figure S1 and might be a specific degradation product or another related protein, is most likely displayed on the western immunoblot by a band slightly above the 34-kD marker. The maize b-glucosidase gene encodes a 566-amino acid protein that contains a 54-amino acid transit peptide for plastid targeting (Cicek and Esen, 1999) . The precursor protein has a mass of 64.2 kD, while the mass of the mature monomer is 58.4 kD, which suggests that seven of the differential b-glucosidase proteins represent premature and mature proteins. The band that most likely corresponds to the upper band in Figure 2A can already be detected as cortex specific in Coomassie Brilliant Bluestained gels of total protein extracts ( (Table I) and the one-dimensional western immunoblots ( Fig.  2A ). All protein spots detected by a b-glucosidasespecific antibody were preferentially accumulated in cortical parenchyma tissue. The most abundant protein spots correspond to the two major bands in Figure 2A , while the 35.8-kD marker is represented by a very faint spot slightly above the 34-kD marker. Accumulation rates of mRNA and proteins depend on the synthesis and degradation rates of these molecules. Therefore, protein accumulation differences do not necessarily correlate with differences of the corresponding transcripts. To investigate if the accumulation differences of the different b-glucosidase isoforms are already manifested on the RNA level, quantitative real-time PCR (qRT-PCR) was performed (Fig. 2E ). Transcript levels of b-glucosidase confirmed highly preferential expression of the b-glucosidase gene in cortical parenchyma cells. b-Glucosidases can specifically interact with b-glucosidase aggregation factor proteins (BGAF; GenBank accession no. NM_001111494) to form highmass heterocomplexes (Blanchard et al., 2001) . Binding of BGAF to b-glucosidase does not affect enzyme activity and most likely plays a protective role shielding the enzymes from proteases. In line with the preferential accumulation of b-glucosidase in cortical parenchyma, BGAF is also preferentially expressed in that tissue compared with the stele (Fig. 2F ). form that analyzes gene expression levels in a tissue by counting the number of individual 17-bp mRNA sequences in populations of 2 3 10 5 to 2 3 10 6 cDNAs. These 17-bp signature sequences often correspond to unique cDNAs, thus allowing for the quantification of the abundance of a particular cDNA in a sample representing a particular organ and developmental stage in a defined genetic background (Christensen et al., 2003) . Expression of the b-glucosidase gene was observed in all analyzed root types at remarkable levels ( Fig. 3 ) that exceeded in some root types 20,000 ppm. Other seedling organs at the root/shoot junction, including mesocotyl, coleoptilar node, and coleoptile, also displayed very high expression levels of this gene, indicating that in the coleoptile, more than 3% of all transcripts (.30,000 ppm) were synthesized by this b-glucosidase gene.
Cortical Parenchyma-Specific Accumulation of Enzymes That Participate in Ammonium Assimilation
The distinct functions of cortical parenchyma and stele tissues are not only reflected by the differential accumulation of individual proteins but also by mul- a Ratio of accumulation (fold change) of a particular protein between primary root cortex versus stele tissue. b Probability-based MOWSE score is defined as -10 3 log(P), where P is the probability that the observed match is a random event. Scores . 43 indicate identity or extensive homology (P , 0.05). Protein scores are derived from ion scores as a nonprobabilistic basis for ranking protein hits.
c Percentage of predicted protein sequence covered by matched peptides.
d Theoretical molecular mass of predicted protein/experimental molecular mass of protein on the gel.
e Theoretical pI of predicted protein/experimental pI of protein on the gel. f Function of sequenced peptides obtained via automated algorithm of the MASCOT software (www.matrixscience.com) from the NCBI.nr database.
g P values obtained via Student's t test after comparing protein accumulation of three biological replicates of primary root cortex versus stele tissue (cutoff, P # 0.01).
h P values of the linear contrasts were adjusted according to Wald tests (cutoff, P # 0.05).
i For protein accessions identified by MASCOT that had no functional annotation, a function was assigned via BLASTP searches of the corresponding protein accession numbers (cutoff, E # 1e 210 ).
tiple enzymes that belong to specific biochemical pathways. In this study, four cortical parenchymaspecific enzymes (Asp aminotransferase, protein 21; Asn synthetase, protein 7; Glu dehydrogenase, proteins 9, 33, 40, and 41; and Gln synthetase, proteins 26 and 27), which are represented by eight protein spots (Fig. 4) , are involved in ammonium assimilation into the nitrogen-transport amino acids Glu, Gln, Asp, and Asn (for review, see Lam et al., 1996) .
Tissue-Specific Differences in Hormone Content of Cortical Parenchyma and Stele
The specific action of phytohormones in growth, development, and differentiation of roots requires their precise tissue-specific distribution. In this study, the plant hormones auxin (IAA), cytokinin, and abscisic acid and selected intermediates and conjugates have been quantified in a tissue-specific fashion in 2.5-d-old cortical parenchyma and the stele of the differentiation zone of maize primary roots. These metabolites have been analyzed via HPLC-ESI-MS/MS using deuterated internal standards. The results of this survey are summarized in Figure 5 and are expressed in nanograms per gram dry weight. Various cytokinins are synthesized from different precursors. The three naturally occurring cytokinins trans-zeatin, cis-zeatin (c-Z), and dihydrozeatin and their precursors are widely found in nature (Sakakibara 2006) . c-Z and its related metabolites are the predominant cytokinins in maize (Veach et al., 2003) . While the concentrations of trans-zeatin and dihydrozeatin and their precursors and conjugates were below the limit of quantification, c-Z (fold change = 4.5), its precursor c-Z riboside (fold change = 6.1), and the conjugated O-glucoside cis-zeatin O-glucoside (c-ZOG; fold change = 2.7) were preferentially accumulated in cortical parenchyma versus stele tissue (Fig. 5A) . The precursor c-Z riboside displayed a higher concentration than c-Z. Notably, most cytokinin detected in the differentiation zone of 2.5-d-old maize primary roots was present in the conjugated form of c-ZOG, which can be reversibly transferred into c-Z by b-glucosidase. The auxin IAA displayed a 2.3 times higher accumulation in stele versus cortical parenchyma tissue (Fig. 5B) . Similarly, inactive IAA conjugated with the amino acid Asp was accumulated 2.3 times higher in stele versus cortical parenchyma tissues (Fig. 5B ). IAA conjugated with other amino acids was below the limit of quantification (Ala, Glu) or detection (Leu). The amount of a Ratio of accumulation (fold change) of a particular protein between primary root stele versus cortex tissue. b Probability-based MOWSE score is defined as -10 3 log(P), where P is the probability that the observed match is a random event. Scores . 43 indicate identity or extensive homology (P , 0.05). Protein scores are derived from ion scores as a nonprobabilistic basis for ranking protein hits.
d Theoretical molecular mass of predicted protein/experimental molecular mass of protein on the gel. e Theoretical pI of predicted protein/experimental pI of protein on the gel.
f Function of sequenced peptides obtained via automated algorithm of the MASCOT software (www.matrixscience.com) from the NCBI.nr database.
g P values obtained via Student's t test after comparing protein accumulation of three biological replicates of primary root stele versus cortex tissue (cutoff, P # 0.01).
free IAA in the stele was 18.8 times higher than its most abundant inactive IAA form conjugated with an amino acid (IAA-Asp). For abscisic acid, no significant concentration differences were observed between cortical parenchyma and stele (Fig. 5C ).
DISCUSSION
In recent years, high-resolution cell type-specific transcriptome analyses have provided novel insights into functional domains of the Arabidopsis (Arabidopsis thaliana) primary roots during development (Birnbaum et al., 2003; Nawy et al., 2005; Brady et al., 2007) . These analyses combined the isolation of specific GFP-tagged root cell types via protoplasting and fluorescence-activated cell sorting with downstream microarray analyses. In maize, due to the lack of GFP marker lines, cell type-specific analyses have been limited thus far to the analysis of pericycle cells that have been isolated via laser capture microdissection (Schnable et al., 2004) prior to downstream gene expression analyses Dembinsky et al., 2007) . In order to obtain sufficient pericycle transcripts for gene expression analyses from laser capture microdissection-captured cells, it was necessary to amplify RNA linearly prior to gene expression analyses by RT. In contrast to RNA, proteins cannot be amplified. Therefore, most proteome analyses have been confined to whole roots (Hochholdinger et al., 2004a Wen et al., 2005; Liu et al., 2006; Hoecker et al., 2008) or longitudinal segments of roots (Chang et al., 2000; Zhu et al., 2006 Zhu et al., , 2007 . In this study, therefore, we developed an approach that allowed separating and subsequently analyzing the functionally diverse internal stele tissue and the surrounding cortical parenchyma tissues (endodermis, cortex, and epidermis) in the differentiation zone of the primary root without damaging pericycle or endodermis cells.
Phytohormones are important regulators of root form and function. In this study, it was demonstrated that auxin (IAA) and cytokinin (c-Z) have antagonistic accumulation levels in cortical parenchyma and stele tissues of the differentiation zone, with preferential accumulation of auxin in the stele and c-Z in the cortical parenchyma. Asymmetric auxin distribution in stele and cortical parenchyma is in line with the generally accepted model of polar auxin transport that suggests that auxin is transported toward the root tip through the stele, as indirectly demonstrated by the activity of the auxin response reporter DR5::GFP or DR5::GUS in Arabidopsis (Blilou et al., 2005) . More recently, fluorescence-activated cell sorting of GFPmarked cell types in combination with highly sensitive mass spectrometry allowed the direct measurement of IAA distribution and biosynthesis at the cellular level in Arabidopsis primary roots and suggested a local IAA biosynthesis maximum in the root apex (Petersson et al., 2009) . In contrast, the distribution of free cytokinin has not been resolved at the tissue level in the differentiation zone of roots. This might be due to the limited sensitivity of cytokinin antibodies (Eberle et al., 1986 ) and marker lines (Aloni et al., 2004) that cannot distinguish between different cytokinin types, precursors, and conjugated forms. Only recently has it been demonstrated that c-Z is the major active cytokinin isomer in maize roots (Veach et al., 2003) . Our study extends these initial observations by demonstrating that c-Z, its precursor cis-zeatin riboside, and the conjugated c-ZOG display a significantly higher concentration in the cortical parenchyma than in the stele. This tissue-specific distribution of phytohormones is laid down very early in root development (Dello Ioio et al., 2008) and implies an important role in determining the specificity and functions of these tissues by regulating downstream gene expression cascades. It should be noted that the plant hormones auxin and cytokinin, which display tissue-specific accumulation patterns in cortical parenchyma and stele, act antagonistically toward lateral root development in the differentiation zone of the root, which takes place in pericycle and endodermis cells at the interface of cortical parenchyma and stele (Esau, 1965) . While auxin mediates cell cycle activation, which results in lateral root initiation (Himanen et al., 2002) , cytokinin counteracts the promotive action of auxin on lateral root formation (Werner et al., 2003) by Figure 3 . Relative expression levels (in ppm) of a b-glucosidase gene in 61 different tissues and developmental stages from wildtype B73 inbred using the Solexa-MPSS system. dag, days after germination; dap, days after pollination.
directly acting on lateral root founder cells and inhibiting lateral root initiation (Laplaze et al., 2007) . Moreover, in Arabidopsis, auxin is a negative regulator of cytokinin levels (Nordström et al., 2004) , while on the other hand, cytokinin modulates organogenesis by reducing polar auxin transport by acting on auxin efflux (Pernisová et al., 2008) and influx (Ruzicka et al., 2009) carriers.
Among the cortical parenchyma-specific metabolic proteins, several cytokinin-related enzymes involved in ammonium assimilation and the conversion of storage and active forms of cytokinin and benzoxazi- noids were detected, which is in line with the increased cytokinin levels in this tissue. Inorganic nitrogen that is typically taken up from the soil in the form of nitrate or ammonium (Takei et al., 2002; Tabuchi et al., 2007) is assimilated into the nitrogen-transport amino acids Glu, Gln, Asp, and Asn . These compounds are used to build up nitrogen reserves for subsequent use in growth and development. In this study, four enzymes involved in the assimilation of ammonium, Asp aminotransferase (protein 21), Asn synthetase (protein 7), Glu dehydrogenase (proteins 9, 33, 40, and 41), and Gln synthetase (proteins 26 and 27), were represented by eight protein isoforms that were preferentially accumulated in the cortical parenchyma of the primary root differentiation zone of maize (Fig. 4) . Remarkably, all enzymes of ammonium assimilation are induced by cytokinin in Arabidopsis (for summary, see Sakakibara et al., 2006) . This suggests that the maize cortical parenchyma is a primary tissue of ammonium assimilation in young maize seedlings before they are in contact with exogenous supplies of nitrogen provided by the soil. This is in line with the observation that in most plants, nitrate assimilation during the early stages of development takes place preferentially in roots, while later in development nitrate is typically translocated to the aerial parts for assimilation (Heldt, 2003) . Nitrogen assimilated in these nitrogen-transport amino acids is later donated to the biosynthesis of other amino acids, nucleic acids, and other nitrogen-containing compounds required during root development. An Asp kinase (protein 22) that was exclusively accumulated in the cortical parenchyma provides an example for the entry point in such a pathway, catalyzing the first reaction that phosphorylates Asp and finally leading to the synthesis of the amino acids Thr, Met, Lys, and Ile (Buchanan et al., 2000) . Moreover, an Asn synthetase protein (spot 7) is exclusively accumulated in the cortex. Asn acts as a nitrogen storage compound synthesized under high concentrations of ammonium and thus acts in ammonium detoxification (Givan, 1979; Sieciechowicz et al., 1988) . Higher levels of ammonium cannot only be due to uptake from the environment but also result from the catabolism of soluble organic nitrogen in maize roots (Feng et al., 1998) . This emphasizes a role of Asn synthetase in ammonium assimilation in the cortex.
Other enzymes specific to the cortical parenchyma related to Asp synthesis or action are Asp aminotransferase (protein 21) and aspartyl tRNA synthetase (protein 17). Other enzymes that are involved in the biosynthesis of amino acids that were preferentially accumulated in the cortical parenchyma are a Cys desulfurase (protein 16), which catalyzes the conversion of Cys to Ala, and a Ala glyoxylate aminotransferase (protein 30), which converts glyoxylate to Gly.
Moreover, multiple isoforms of a b-glucosidase (proteins 3, 12, 23, 24, 25, 28, 31, and 34 ) displayed preferential accumulation in the cortical parenchyma of the differentiation zone of the primary root. These proteomics results were confirmed by western immunoblots and qRT-PCR experiments demonstrating that this protein is accumulated in the differentiation zone in addition to its previously detected expression in meristematically active maize root tips (Brzobohatý et al., 1993) . Moreover, MPSS analyses revealed that this gene is preferentially expressed at very high levels in roots, suggesting an important function in this organ. The enzyme b-glucosidase functions in the release of free bioactive cytokinin (Brzobohatý et al., Figure 6 . Asymmetric distribution of cytokinin (red) and auxin (green) in the cortical parenchyma and stele in the differentiation zone of the young maize primary root and related cortical parenchyma-specific protein accumulation patterns. Proteins preferentially accumulated in the cortical parenchyma are highlighted in light gray boxes. Numbers (#) correspond to proteins in Tables I and II . Differentially accumulated phytohormones detected in this study, including cytokinin (c-Z), its precursor (c-ZR), its glucoside conjugate (c-ZOG), auxin (IAA), and its Asp conjugate (IAA-Asp), are highlighted in dark gray boxes. BX9, UDPglucosyltransferase; c-ZR, cis-zeatin riboside; DIMBOA, 2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one; LRP, lateral root primorida; ZmGlu-1, b-glucosidase. [See online article for color version of this figure.] 1993), benzoxazinoids (Cuevas et al., 1992) , and monolignols (Escamilla-Treviñ o et al., 2006) from their glucosylated inactive storage forms and hence correlates with the predominant accumulation of c-ZOG, which is one of the substrates of b-glucosidase, and free c-Z, which is released from c-ZOG by this b-glucosidase. That this b-glucosidase is also involved in the release of free benzoxazinoids from their storage form is supported by the previous observation that the benzoxazinoid 2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one was released in the cortical parenchyma during the penetration of emerging lateral roots (Park et al., 2004) . Although the release of DIMBOA (benzoxazinoid 2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one) from DIMBOA-glucoside might be dominant in the cortical parenchyma during lateral root emergence, it is remarkable that in our experiments (i.e. before the initiation of lateral roots), the enzyme UDPglucosyltransferase BX9 (protein 50; von Rad et al., 2001) , which catalyzes the converse reaction, is also preferentially accumulated in the cortex. Hence, this b-glucosidase might not only function in the release of free cytokinin in the root tip to stimulate cell division activity (Brzobohatý et al., 1993) but also in the release of cytokinin and benzoxazinoids in the cortical parenchyma of the differentiation zone. The notion that the interplay of b-glucosidase and c-Z levels might play an important role in the organization of root stock architecture by influencing lateral root formation and primary root length is supported by transgenic maize plants overexpressing a zeatin O-glucosylation gene (ZOG1; Pineda Rodo et al., 2008) . O-Glucosyltransferases convert bioactive cytokinin into their inactive O-glucoside storage products and hence catalyze the converse reaction of b-glucosidase, thus controlling the level of free cytokinin. Inactivation of cytokinin by ZOG1 induced primary root growth and increased the number of lateral roots (Pineda Rodo et al., 2008) . Consistent with the preferential accumulation of this b-glucosidase, a BGAF is also preferentially accumulated in the cortical parenchyma. BGAF plays a protective role for b-glucosidase in binding of this enzyme without affecting its activity or kinetic parameters (Blanchard et al., 2001) .
While most differential proteins detected in this study were related to the development and function of the cortical parenchyma, 11 proteins were preferentially accumulated in the stele. Among those proteins was a Suc synthase 1 protein (protein 60). Suc synthase catalyzes the conversion of Suc and UDP to Fru and UDP-Glc, which is a precursor for the synthesis of UDP-Gal, starch, cellulose, and callose and thus plays an important role in energy metabolism (Chourey et al., 1998) . It has been demonstrated that this enzyme is localized in the outermost cell layers of the maize root cap (Kladnik et al., 1994) and is most abundant in the stele, in particular in association with vascular tissues of the elongation zone (Koch et al., 1992) . In this study, we demonstrated that Suc synthase 1 is not only accumulated in the stele of the elongation zone but also in the stele of the differentiation zone in the maize primary root. In line with the preferential accumulation of a Suc synthase, a UDP-Glc dehydrogenase that metabolizes one of the products of Suc synthase, UDPGlc, is preferentially accumulated in the stele (protein 62). UDP-Glc dehydrogenase plays a role in cell wall pentose biosynthesis (Kärkö nen et al., 2005) . A different chemical composition of the stele and cortical parenchyma cell walls is also suggested by the distinct polychromatic staining of stele and cortical parenchyma cell walls by toluidine blue, which is attributed to differences in the chemical composition of these cell walls (O'Brien et al., 1964) . Remarkably, supply of sugar as provided by Suc synthase (Dennis and Blakelely, 2000) down-regulates the expression of Asn synthase (Chevalier et al., 1996) . Hence, the preferential expression of Suc synthase in the stele might, on the other hand, also explain the low expression of Asn synthase in this tissue (Chevalier et al., 1996) , which was previously discussed in the context of cortex specific protein accumulation.
In summary, the antagonistic distribution of auxin and cytokinin in the stele and cortical parenchyma, and the tissue-specific accumulation of cytokininrelated and other proteins, suggest a molecular framework that specifies the function of these tissues. A model summarizing these tissue-specific functions is provided in Figure 6 .
MATERIALS AND METHODS
Plant Materials and Growth Conditions
All experiments were performed with primary roots of the maize (Zea mays) inbred line B73. Cortical parenchyma and stele tissues of the differentiation zone of maize primary roots were sampled from 2.5-d-old seedlings that were germinated between two vertically oriented layers of germination paper (Anchor Paper) in twice distilled water at 28°C in the dark as described previously .
Separation and Microscopic Analysis of Cortical Parenchyma and Stele Tissue
The first step of separating cortical parenchyma and stele tissues in the differentiation zone of 2.5-d-old primary roots (Fig. 1A) was to detach the first 1 cm of the primary root tip, which comprises the meristematic and differentiation zones, with a razor blade (Fig. 1C) . Second, the outermost cell layers (cortical parenchyma) of the root were cut with a razor blade close to the coleorhiza without touching the stele (Fig. 1B) . Third, the cortical parenchyma tissue was pulled off the stele by gently bending the root and finally pulling the cortical parenchyma off the stele (Fig. 1C) . Finally, the stele that was still attached to the remainder of the seedling was cut close to the coleorhiza. Free hand sections of 2.5-d-old primary roots embedded in 3% agarose, before and after separating cortical parenchyma and stele tissues, were stained for 8 min in 0.001% (w/v) toluidine blue O according to a modified protocol of O'Brien et al. (1964) . Specimens were analyzed with a Zeiss-Axioskop HBO 100W/2 microscope and documented with a Canon PowerShot G2 camera. The filter set used for visualizing the toluidine blue O staining contained an excitation filter (BP 450-490), a chromatic beam splitter (FT510), and a barrier filter (LP520).
Protein Isolation
For proteomics experiments, cortical parenchyma and stele tissues were collected from the differentiation zone of approximately 40 to 60 primary roots per biological replicate and immediately frozen in liquid nitrogen. For each tissue type, three independent biological replicates were prepared. Total soluble proteins were extracted from cortical parenchyma or stele tissue via TCA precipitation (10% TCA in acetone containing 0.07% b-mercaptoethanol) at 220°C (Damerval et al., 1986) in 2-mL microfuge tubes overnight. The precipitated proteins were washed five times by incubation in acetone containing 0.07% b-mercaptoethanol for 1 h at 220°C and centrifugation at 10,000 rpm for 15 min at 4°C. Vacuum-dried protein pellets were dissolved in 800 mL of a solution containing 7 M urea, 2 M thiourea, 2% (w/v) CHAPS, 1.25% (v/v) Bio-Lytes 3/10 (Bio-Rad), 50 mM dithiothreitol, and one tablet of protease inhibitor complete (Roche) for 10 mL of extraction solution. For solubilization, the samples were ultrasonicated for 10 min and subsequently treated with 150 units of benzonase endonuclease (Sigma). Sonication was repeated for an additional 10 min followed by incubation for 15 min at room temperature. After centrifugation at 14,000 rpm for 40 min, supernatant containing soluble proteins was taken and the quality and quantity of the soluble protein extracts in the supernatant were determined on preparative SDS-PAGE gels and with the Bradford assay.
2-DE Separation of Cortical Parenchyma and Stele Proteins
Isoelectric focusing of protein extracts was performed with approximately 600 mg of total soluble protein extract on 18-cm immobilized, linear pH 4 to 7 gradients (Imobiline drystrips; Amersham Biosciences) using an Ettan IPGPhor isoelectric focusing unit (Amersham Biosciences). The immobilized pH gradients were rehydrated by applying the protein extracts at 50 V overnight. The following settings of isoelectric focusing was used: a 0-to 300-V gradient for 1 min, 300 V for 2 h, a 300-to 1,000-V gradient for 20 min, 1,000 V for 30 min, a 1,000-to 4,000-V gradient for 1 h, 4,000 V for 30 min, a 4,000-to 8,000-V gradient for 1 h, 8,000 V for 5 h, and an 8,000-to 100-V gradient. Isoelectric focusing was stopped when a total of about 90,000 Vh was reached. The immobilized pH gradients were equilibrated for 15 min in a buffer containing 6 M urea, 30% glycerin, 2% SDS, 0.05 M Tris, pH 8.8, and 1% dithiothreitol, followed by incubation for 15 min in a buffer containing 6 M urea, 30% glycerin, 2% SDS, 0.05 M Tris, pH 8.8, and 4% iodoacetamide. Proteins were subsequently resolved on the basis of their masses on 12.5% SDS-PAGE gels using the Ettan DALTsix electrophoresis system (Amersham Biosciences). In total, six samples representing three biological replicates of cortical parenchyma and stele tissue of maize primary roots were subjected to isoelectric focusing and subsequent SDS-PAGE separation in parallel.
Visualization and Identification of Differential Cortical Parenchyma and Stele Proteins
Proteins on 2-DE SDS-PAGE gels were stained with a colloidal Coomassie Brilliant Blue stain (Neuhoff et al., 1988) for 2.5 d on an orbital shaker as described previously . Gel images were obtained using the ImageScanner (Amersham) high-resolution scanner. PD-Quest software version 7.1 (Bio-Rad) was used for analysis of the 2-DE gels. The intensities of spots were normalized to the total intensity of all matched spots on each gel by PD-Quest. These relative spot intensities were subsequently used for statistical analyses. After normalization, Student's t test (independent samples, pooled variance, P # 0.01) was used to identify differentially expressed spots between cortical parenchyma and stele tissues ($2-fold change). The resulting P values were subsequently adjusted controlling the FDR (Benjamini and Hochberg, 1995) at 5% to account for multiple testing. Tables I and II represent results for proteins with significant differential expression after FDR adjustment. These analyses were generated with SAS version 9.1.3 Service Pack 4.
Nano-HPLC-ESI-MS/MS and Analysis of Spectrometric Data
Proteins that were identified to be statistically differentially accumulated between cortical parenchyma and stele were excised from representative gels and digested in-gel using trypsin (sequencing grade; Promega). Peptide analyses were performed with a Dionex LC Packings HPLC System containing the components Famos (autosampler), Switchos (loading pump and switching valves), and Ultimate (separation pump and UV light detector). A high-performance QStar Pulsar i (Applied Biosystems, Applera) quadrupole time-of-flight mass spectrometer equipped with a nano-ESI source (Column Adapter [ADPC-PRO] and distal coated SilicaTips ; both from New Objective) was used to record the ESI-MS/MS spectra. The mobile phases and gradients were used as described previously . Protein identification was performed by correlating the mass spectra with the NCBI.nr protein sequence database Viridiplantae (higher plant) as of September 24, 2008 , using the MOWSE algorithm (Perkins et al., 1999) as implemented in the MS search engine MASCOT (Matrix Science). Results from 2-DE analyses and MS experiments and all search results were stored in a Laboratory Information Management System database (Proteinscape 1.3.0; Bruker Daltonics).
Western-Blot Immunodetection
For immunodetection of specific proteins, total protein extracts were separated on homogenous 10% acrylamide SDS-PAGE gels according to Laemmli (1970) . Per lane, 20 mg of protein extract was loaded on onedimensional electrophoresis gels. Alternatively, 40 mg of total protein extracts was separated on 2-DE gels. After gel electrophoresis, proteins were transferred to a nitrocellulose membrane (0.45 mm pore size; Protran BA 85; Whatman) for 60 min at 300 mA with the PerfectBlue (Peqlab Biotechnology) semidry electroblotting device. Immunodetection was performed by incubating the nitrocellulose membranes in Tris-buffered saline (TBS; pH 7.6) blocking solution containing 0.05% (v/v) Tween 20 (TBST) and 5% milk powder for 2 h. The membrane was incubated with anti-b-glucosidase primary antibody (diluted 1:10,000 in TBS buffer containing 1.5% milk powder) for 1 h. After three rounds of washing in TBST, the membranes were incubated with an alkaline phosphatase-conjugated anti-rabbit IgG secondary antibody (1:10,000; Roche) for 1 h. Detection with a substrate solution containing nitroblue tetrazolium chloride and 5-bromo-4-chloro-3-indolyl phosphate was performed according to the manufacturer's instructions (Roche).
Gene Expression Analysis via Reverse Transcription-PCR
Total RNA was isolated with peqGOLD TriFast (Peqlab Biotechnology) reagent. Extracted RNA was treated with DNase I (Ambion) and followed by inactivation with slurry (Ambion). cDNA for real-time PCR experiments was synthesized from 4 mg of RNA with peqGOLD Moloney murine leukemia virus reverse transcriptase and protocols following the manufacturer's instructions. qRT-PCR was performed with a Bio-Rad iCycler and QuantiTect SYBR Green PCR master mix (Qiagen). Relative expression of b-glucosidase (GenBank accession no. P49235; forward primer, 5#-CCTCATGATGTGGGTG-CAG-3#; reverse primer, 5#-GCATGACAAGGCCAGACTG-3#) was compared in cortical parenchyma and stele tissues with the expression levels of a constitutively expressed actin gene (GenBank accession no. J01238; forward primer, 5#-AGGCCACGTACAACTCCATC-3#; reverse primer, 5#-CCACC-GATCCAGACACTGTA-3#). Relative expression of the b-glucosidase gene compared with the actin gene was calculated as mean normalized expression compared with actin, using threshold cycle values and averaged primer efficiencies calculated from three biological replications as described previously (Hoecker et al., 2008) . Semiquantitative reverse transcription (RT)-PCR was performed to determine the relative expression of BGAF (GenBank accession no. NM_001111494; forward primer, 5#-AGCTGCTCTGCTAGCTC-CAC-3#; reverse primer, 5#-GATCGATTCAAGTGCCAATC-3#) expression in cortical parenchyma and stele with reference to a constitutively expressed actin gene (GenBank accession no. J01238; forward primer, 5#-TTGGGT-CAGAAAGGTTCAGG-3#; reverse primer, 5#-GCACTTCATGTGGACAA-TGC-3#) that was employed as an internal control. The semiquantitative RT-PCR was performed as described previously (Dembinsky et al., 2007) .
Hormone Profiling of Cortical Parenchyma Versus Stele Tissues
For the hormone-profiling experiments, cortical parenchyma and stele tissues from the differentiation zone of 2.5-d-old primary roots was collected. Cortical parenchyma tissue of approximately 100 primary roots and stele tissue of approximately 300 primary roots were harvested per biological replicate and freeze dried. For each tissue type, three independent biological replicates were prepared. Plant hormone analyses were performed at the Plant Biotechnology Institute of the National Research Council of Canada by HPLC-ESI-MS/MS using deuterated internal standards, as described previously (Chiwocha et al., 2003 (Chiwocha et al., , 2005 . Results are expressed in nanograms per gram dry weight. Hormones or intermediates were considered differentially accu-mulated between cortical parenchyma and stele if a significant difference was confirmed in Student's t test. The significance level is indicated in Figure 5 by one (P , 0.05) or two (P , 0.01) asterisks.
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